Modulation of the structure of a leader RNA to control formation of an intrinsic termination signal is a common mechanism for regulation of gene expression in bacteria. Expression of the S box genes in Gram-positive organisms is induced in response to limitation for methionine. We previously postulated that methionine availability is monitored by binding of a regulatory factor to the leader RNA and suggested that methionine or S-adenosylmethionine (SAM) could serve as the metabolic signal. In this study, we show that efficient termination of the S box leader region by bacterial RNA polymerase depends on SAM but not on methionine or other related compounds. We also show that SAM directly binds to and induces a conformational change in the leader RNA. Both binding of SAM and SAM-directed transcription termination were blocked by leader mutations that cause constitutive expression in vivo. Overproduction of SAM synthetase in Bacillus subtilis resulted in delay in induction of S box gene expression in response to methionine starvation, consistent with the hypothesis that SAM is the molecular effector in vivo. These results indicate that SAM concentration is sensed directly by the nascent transcript in the absence of a trans-acting factor. A variety of mechanisms for control of gene expression by premature termination of transcription have been uncovered in bacteria (1, 2). Genes regulated in this way contain a transcription termination signal in the mRNA region upstream of the coding sequence of the regulated gene. The activity of this terminator can be controlled by modification of the activity of RNA polymerase (RNAP), blocking access of transcriptiontermination factor Rho, or by modulation of the leader RNA structure, commonly through alternate folding patterns. RNA folding can be controlled in turn through interaction with some regulatory factor, such as a translating ribosome, as in the Escherichia coli trp operon, or an RNA binding protein, as in the Bacillus subtilis trp operon or the E. coli bgl system. Modulation of RNA structure by an effector, in the absence of accessory proteins, has been demonstrated for the T box system, in which uncharged tRNA interacts directly with the leader RNA to promote antitermination (3, 4). Similar regulation by small molecules has recently been demonstrated for riboflavin and thiamin biosynthesis genes, by using flavin mononucleotide and thiamin pyrophosphate, respectively (5-7).
Modulation of the structure of a leader RNA to control formation of an intrinsic termination signal is a common mechanism for regulation of gene expression in bacteria. Expression of the S box genes in Gram-positive organisms is induced in response to limitation for methionine. We previously postulated that methionine availability is monitored by binding of a regulatory factor to the leader RNA and suggested that methionine or S-adenosylmethionine (SAM) could serve as the metabolic signal. In this study, we show that efficient termination of the S box leader region by bacterial RNA polymerase depends on SAM but not on methionine or other related compounds. We also show that SAM directly binds to and induces a conformational change in the leader RNA. Both binding of SAM and SAM-directed transcription termination were blocked by leader mutations that cause constitutive expression in vivo. Overproduction of SAM synthetase in Bacillus subtilis resulted in delay in induction of S box gene expression in response to methionine starvation, consistent with the hypothesis that SAM is the molecular effector in vivo. These results indicate that SAM concentration is sensed directly by the nascent transcript in the absence of a trans-acting factor. A variety of mechanisms for control of gene expression by premature termination of transcription have been uncovered in bacteria (1, 2) . Genes regulated in this way contain a transcription termination signal in the mRNA region upstream of the coding sequence of the regulated gene. The activity of this terminator can be controlled by modification of the activity of RNA polymerase (RNAP), blocking access of transcriptiontermination factor Rho, or by modulation of the leader RNA structure, commonly through alternate folding patterns. RNA folding can be controlled in turn through interaction with some regulatory factor, such as a translating ribosome, as in the Escherichia coli trp operon, or an RNA binding protein, as in the Bacillus subtilis trp operon or the E. coli bgl system. Modulation of RNA structure by an effector, in the absence of accessory proteins, has been demonstrated for the T box system, in which uncharged tRNA interacts directly with the leader RNA to promote antitermination (3, 4) . Similar regulation by small molecules has recently been demonstrated for riboflavin and thiamin biosynthesis genes, by using flavin mononucleotide and thiamin pyrophosphate, respectively (5-7).
The S box regulatory mechanism represents a system in which synthesis of the full-length transcript is determined by controlling whether the leader folds into the stem loop of an intrinsic terminator or a competing antiterminator structure (ref. 8 and Fig. 1 ). Formation of the antiterminator is inhibited by an alternative helical structure, which functions as an antiantiterminator. An anti-antiterminator element is also found in the B. subtilis pyr operon, in which leader RNA structure is controlled by binding of a regulatory protein (9) . We initially identified the S box family by recognizing a highly conserved set of sequence and structural features in the leader regions of 18 transcriptional units involved in methionine metabolism in Gram-positive bacteria; the alternate structures are always found and are supported by covariation within helical domains. Multiple genes in this family, including B. subtilis yitJ, ykrT, ykrW, yjcI, yxjG, and yxjH, have been shown to be repressed at the level of transcription termination during growth in the presence of methionine, whereas limitation for methionine induces terminator read-through (refs. 8, 10, and 11 and unpublished results).
Genetic analysis of the B. subtilis yitJ leader supported a simple model for transcription termination control (8) . Disruption of the leader region terminator resulted in high, constitutive expression, consistent with the idea that regulation is at the level of premature termination of transcription. Mutations that prevent formation of the antiterminator resulted in very low expression even when cells were starved for methionine, indicating that the terminator is always functional in the absence of antiterminator formation. Disruption of the anti-antiterminator element (helix 1; Fig. 1 ) resulted in constitutive read-through, suggesting that the antiterminator competes very efficiently with the terminator helix and must be destabilized by formation of the anti-antiterminator to allow termination. Mutations in conserved elements in the helix 1-4 junction region outside the anti-antiterminator itself also resulted in read-through of the terminator during growth in the presence of methionine, suggesting that this region plays a role in sensing methionine availability. We postulated that the helix 1-4 region of the RNA could serve as the binding site for a regulatory factor (8) . In this study, we demonstrate that transcription of S box leaders in a purified in vitro system with either B. subtilis or E. coli RNAP resulted in efficient read-through of the leader region terminators. Addition of S-adenosylmethionine (SAM) at physiologically relevant concentrations stimulated efficient termination and caused a structural change in the anti-antiterminator domain. We also show that the leader RNA binds tightly and specifically to SAM and that sequence alterations that result in constitutive expression in vivo block SAM binding and SAMdependent transcription termination in vitro. These results indicate that SAM is the effector in this system, and that it is monitored directly by the leader RNA during transcription. The yitJ-lacZ and ykrW-lacZ transcriptional fusions were transferred into strains 168 and SA29 by transduction with SP␤ prophages, as described (8, 10) . Strains containing fusions were grown in the presence of chloramphenicol (5 g͞ml). Cells were Abbreviations: RNAP, RNA polymerase; SAM, S-adenosylmethionine; SAH, S-adenosylhomocysteine.
Materials and Methods
propagated on tryptone blood agar base medium (Difco) or in Spizizen minimal medium (13) .
In Vitro Transcription Assays. Templates for in vitro transcription by B. subtilis or E. coli RNAP were generated by PCR using oligonucleotide primers (Integrated DNA Technologies, Coralville, IA) that contained the glyQS promoter sequence and hybridized within the leader region of the target gene, to generate a transcription start site Ϸ20 nt upstream of the start of helix 1 (Fig. 1) . The promoter sequences were designed to allow initiation with a dinucleotide corresponding to the ϩ1͞ϩ2 positions of the transcript and a halt early in the transcript by omission of a single nucleotide; the position of the halt ranged from 15 to 25 nt for different S box genes. The PCR fragments were Ϸ400 bp in length and included 50-150 bp downstream from the transcription terminator to allow resolution of terminated and read-through products. PCR products were purified with a Qiagen PCR cleanup kit (Qiagen, Chatsworth, CA). Templates for yitJ leader region variants were generated by PCR with plasmid templates containing the appropriate alleles (8) .
Single-round transcription reactions were carried out as described (4) by using template DNA (10 nM), His-tagged B. subtilis RNAP (6 nM) purified as described by Qi and Hulett (14) , or E. coli RNAP (10 nM) purified as described by Hager et al. (15) . The initiation reactions contained 1ϫ transcription buffer (16) , the appropriate dinucleotide (150 M; Sigma), UTP (0.75 M), [␣-32 P]UTP (800 Ci͞mmol; 1 Ci ϭ 37 GBq) at 0.25 M, and the remaining two NTPs required for elongation to the halt at 2.5 M. The initiation reaction mixtures were incubated at 37°C for 15 min and were then placed on ice. Heparin (20 g͞ml; Sigma) was added to block reinitiation, and elongation was triggered by the addition of NTPs to 10 M in the presence of other reagents as indicated. Elongation reactions were incubated at 37°C for an additional 15 min and were terminated by extraction with phenol. Transcription products were resolved by denaturing PAGE and visualized by PhosphorImager (Molecular Dynamics) analysis.
RNase H cleavage experiments were carried out with two ykrW RNAs, both of which were uniformly labeled by transcription in the presence of [␣-32 P]UTP. The longer RNAs (154 nt) ended at the 3Ј side of the antiterminator and were generated by E. coli RNAP in the presence or absence of SAM (150 M). Shorter RNAs (142 nt), ending in the loop of the antiterminator, were generated by T7 RNAP transcription by using a Mega Shortscript T7 kit (Ambion, Austin, TX) and were heated to 65°C and slow-cooled to 40°C (1.25°C͞min) before addition of SAM. Antisense oligonucleotides were added at 100-fold molar excess to E. coli RNAP transcription complexes or T7 RNAPgenerated RNA (40 nM), and the reactions (10 l) were incubated at 30°C for 5 min before digestion at 30°C for 10 min with RNase H (Roche; 0.6 units). Products were resolved on high-resolution denaturing polyacrylamide gels.
SAM Binding Assays.
Template DNAs for T7 RNAP transcription were generated by PCR using a primer containing a T7 promoter initiating with tandem G residues fused to positions ϩ2 or ϩ14 for the ykrW or yitJ leaders, respectively. The endpoint of the PCR products corresponded to the position just 5Ј to the start of the terminator helix. RNA (8 M) in 1ϫ transcription buffer was heated to 65°C for 5 min, then slow-cooled to 40°C before addition of [methyl-14 C]-SAM [ICN; 52 mCi͞mmol (1.92 GBq͞ mmol); 8 M final concentration], and incubated at room temperature for 5 min. Unlabeled SAM or S-adenosylhomocysteine (SAH) was added at 400 M. Samples were filtered through a Nanosep 3K Omega filter microconcentrator (Pall) and washed with 1ϫ transcription buffer. Material retained by the filter was mixed with Packard BioScience Ultima Gold scintillation fluid and counted in a Packard Tri-Carb 2100TR liquid scintillation counter.
␤-Galactosidase Measurements. Cells containing lacZ fusions were grown in Spizizen minimal medium containing methionine (50 g͞ml) until early exponential growth and then were harvested by centrifugation and resuspended in the same medium in the presence or absence of methionine. Samples were collected for ␤-galactosidase measurements and were assayed as described by Miller (17) by using toluene permeabilization of the cells.
Results
In Vitro Transcription of S Box Genes. Initial attempts at singleround transcription assays of the B. subtilis yitJ and ykrW genes in a purified system resulted in weak transcription by B. subtilis RNAP, consistent with the poor adherence of the sequence in the Ϫ10 regions of these promoters to the consensus for B. subtilis E A RNAP. Transcription of the ykrW gene with E. coli RNAP, which is less stringent in promoter recognition, resulted in efficient terminator read-through ( Fig. 2A, lane 1) . To allow analysis of these genes with B. subtilis RNAP, we took advantage of our previous demonstration that replacement of the yitJ promoter had no effect on the response to methionine limitation in vivo (8) . We generated constructs in which the promoters of S box genes were replaced with the strong B. subtilis glyQS promoter and, where necessary, modified the region immediately downstream of the transcription start site to allow a halt early in the transcription reaction by omission of a single nucleotide from the initiation reaction. Transcription of the P gly -ykrW construct resulted in very efficient terminator readthrough with either B. subtilis or E. coli RNAP (Fig. 2 A, lanes  3 and 7) . Transcription of the yitJ leader under control of either the B. subtilis tyrS promoter (P tyr -yitJ) or glyQS promoter (P glyyitJ) also gave high read-through, although the yitJ terminator was somewhat more active with B. subtilis RNAP (Fig. 2 A, lanes  5 and 9) . These results are consistent with the in vivo data demonstrating that read-through is the default state of the S box leaders (8) .
SAM-Dependent Transcription Termination.
We tested the effect of addition of methionine, SAM, and related compounds on the activity of the ykrW terminator in vitro. Addition of SAM resulted in Ϸ95% termination for the P gly -ykrW template with either B. subtilis or E. coli RNAP (Fig. 2 A, lanes 4 and 8) ; similar results were obtained for transcription of a ykrW template containing its own promoter with E. coli RNAP (Fig. 2 A, lane  2) , confirming that the effect is independent of the promoter used to initiate transcription. The yitJ leader also exhibited SAM-dependent termination (Fig. 2 A, lanes 6 and 10) . In contrast, the glyQS leader-region terminator, which is inhibited by tRNA Gly via the T box termination control system (4), was unaffected by SAM addition (Fig. 2 A, lanes 11-13) . This indicates that SAM does not generally promote transcription termination, but acts specifically on S box leader templates in the absence of cellular components other than RNAP.
We further determined the generality of the SAM response by examining eight additional B. subtilis S box templates. As shown in Fig. 2B , all of these leaders exhibited increased termination at the position of the leader-region intrinsic terminator in response to SAM addition, although there was some variability in the efficiency of termination in the absence of SAM, and in the magnitude of the SAM-dependent response. Regulation in vivo has been demonstrated for yitJ, ykrW, ykrT, yjcI, yxjG, and yxjH (refs. 8, 10, and 11 and unpublished results). The B. subtilis cysH operon was reported to be regulated primarily at the level of transcription initiation in response to O-acetyl-serine, with only a small response to methionine limitation (18); it appears that the cysH leader is capable of a response to SAM, at least in vitro. The yoaD leader, which exhibited the weakest response to SAM, is unique among the S box leaders in that it contains only a tetraloop at the top of helix 3 and has an extra stem loop inserted between the base of helix 1 and the terminator (8) .
Titration of the SAM concentration required for ykrW termination activity in vitro indicated that 1.6 M gave 60% termination, and 100 M was a saturating level, resulting in Ͼ95% termination (data not shown). SAM pools in B. subtilis have been reported at 400 M for cells grown in the presence of methionine (repressing conditions for S box gene expression) and at 80 M for prototrophic cells grown in the absence of methionine (conditions under which S box genes are expressed at a low level; refs. 8 and 19). The SAM concentration required for transcription termination in vitro is therefore consistent with the physiologically relevant range for B. subtilis.
If SAM is the true molecular effector in vivo, it is essential for the system to respond specifically to SAM, but not to related compounds normally present in the cell. Methionine, homocysteine, adenosine, SAH, and methylthioadenosine (a breakdown product of SAM generated during polyamine biosynthesis) all failed to promote transcription termination of the ykrW leader (Fig. 2C) , indicating that the SAM effect is specific. These compounds also failed to inhibit SAM-directed termination when SAM was used at 7.5 M (nonsaturating) and the test compounds were added at a high molar excess to SAM. Sinefungin, an analog of SAM produced by Streptomyces sp. in which methionine is replaced by ornithine (20) , acts as a competitive inhibitor of many SAM-dependent methyltransferase reactions (21) . Sinefungin failed to promote ykrW transcription termination, but increased read-through in the presence of SAM Ϸ4-fold when added at a 200-fold molar excess (Fig. 2C, lane 18) . This suggests that sinefungin may interact with the ykrW leader, but 1-6) or B. subtilis (lanes 7-13) RNAP. Lanes 1 and 2, ykrW DNA; lanes 3, 4, 7, and 8, P gly-ykrW DNA; lanes 5 and 6, Ptyr-yitJ DNA; lanes 9 and 10, P gly-yitJ DNA; lanes 11-13, glyQS DNA. SAM was added at 150 M where indicated (lanes 2, 4, 6, 8, 10, and 13). tRNA Gly was added at 70 nM for lanes 12 and 13. The P gly-yitJ constructs contain additional sequences downstream of the terminator, resulting in a larger read-through product than is observed with P tyr-yitJ DNA. (B) SAM-dependent transcription termination of multiple B. subtilis S box leaders. DNA templates were transcribed with B. subtilis RNAP in the presence (lanes 2, 4, 6, 8, 10, 12, 14, and 16) or absence (lanes 1, 3, 5, 7, 9, 11, 13, and 15) of SAM (150 M). Gene names are shown above each pair of lanes. (C) Specificity of SAM-dependent transcription termination of the B. subtilis ykrW leader. The ability of SAM-related compounds to stimulate termination by E. coli RNAP, and to block SAMdependent termination, was tested. MET, methionine; ADO, adenosine; HCY, homocysteine; MTA, methylthioadenosine; SF, sinefungin. All compounds were tested at 1.5 mM except homocysteine (500 M) and sinefungin, which was tested at both 500 M (low, lanes 15 and 16) and 1.5 mM (high, lanes 17 and 18). SAM was included at 7.5 M where indicated. (D) Effect of yitJ leader mutations on SAM-dependent transcription termination. DNA templates were P gly-yitJ constructs; mutations are shown in Fig. 1 . Transcription was with E. coli RNAP, in the presence (lanes 2, 4, and 6) or absence (lanes 1, 3, and 5) of SAM (150 M). Templates were yitJ (lanes 1 and 2) , yitJ-Pst-1 (lanes 3 and 4) , and yitJ-Pst-2 (lanes 5 and 6).
with a much lower affinity than SAM. Together, these results indicate that SAM recognition is highly specific, consistent with the requirement for discrimination from related compounds in vivo.
Effect of Leader Region Mutations on Termination Activity in Vitro.
Initial studies of the effect of yitJ leader region mutations on expression in vivo provided the basis for the regulatory model (8) . Both the Pst-1 variant, in which alterations in the 5Ј side of helix 1 disrupt formation of the anti-antiterminator but leave the antiterminator intact, and the Pst-2 variant, which contains an intact antiterminator and anti-antiterminator but has alterations in conserved residues in helix 2, resulted in high expression during growth in methionine, suggesting that these regions are required for terminator activity. Other mutations in the helix 1-4 junction region had similar effects (ref. 22 and unpublished results). As shown in Fig. 2D , the Pst-1 and Pst-2 variants exhibited high read-through in vitro in the presence or absence of SAM, in agreement with the in vivo results. It therefore appears that at least some of the same leader determinants are required for regulation in vivo and the response to SAM in vitro.
Binding of 14 C-SAM to S Box Leader RNAs. Specific binding of 14 C-SAM to yitJ and ykrW leader RNAs containing the helix 1-4 region was tested by using a size-exclusion Nanosep 3K filter. Both RNAs bound 14 C-SAM efficiently (Fig. 3A) ; addition of unlabeled SAM at a 50-fold molar excess blocked retention of 14 C-SAM, whereas addition of unlabeled SAH had no effect. The RNA-SAM interaction appears to be very stable, because label was retained after repeated washing of the filter; very little 14 C-SAM was retained by the filter in the absence of RNA. Binding of 14 C-SAM to yitJ RNA containing the Pst-2 allele was reduced 20-fold, consistent with the observation that this variant resulted in constitutive read-through both in vivo and in vitro. The residual binding of 14 C-SAM to the mutant RNA is specific, because it was prevented by addition of unlabeled SAM but not SAH. These results demonstrate that SAM binds directly to the helix 1-4 region of the leader RNA, and binding exhibits leader RNA requirements similar to those for transcription termination.
SAM Causes a Transition in Leader RNA Structure. The model for S box gene regulation predicts that the anti-antiterminator (helix 1) is stabilized in the presence of SAM (Fig. 3B) . We probed the structure of helix 1 by using oligonucleotides complementary to the 5Ј and 3Ј sides of this helix and detected annealing by sensitivity to cleavage with RNase H, which only cleaves RNA-DNA hybrids. Transcripts generated by in vitro transcription with E. coli RNAP (Fig. 3B, lanes 1-10) included sequences necessary for formation of the antiterminator but lacked the 3Ј portion of the terminator. Oligo 2, which hybridizes to the region downstream of the 3Ј side of helix 1, triggered RNase H-catalyzed cleavage of transcripts generated in the presence or absence of SAM. Cleavage was stimulated by transcription in the presence of SAM, consistent with the prediction that the region targeted by this oligonucleotide includes sequences predicted to be sequestered in the antiterminator structure in the absence of SAM. Oligo 1, which is complementary to the 3Ј side of helix 1, did not promote cleavage regardless of the presence of SAM, consistent with the prediction that this region is paired in both the anti-antiterminator and antiterminator conformations and is therefore not available for hybridization. Oligo 3, which hybridizes to the 5Ј side of helix 1, directed cleavage of the transcript only in the absence of SAM, as expected if SAM promotes formation of the anti-antiterminator. We also used T7 RNAP transcription to generate a shorter RNA lacking the 3Ј sequences of the antiterminator (Fig. 3B, lanes 11-18) . When denatured and allowed to refold in the presence or absence of SAM, this RNA exhibited cleavage directed by oligo 1 only in the absence of SAM, consistent with the prediction that helix 1 is destabilized in the absence of SAM, and the 3Ј region of helix 1 is available for hybridization with oligo 1 only when antiterminator formation is also prevented. These results are consistent with the proposed SAM-dependent structural transition in the leader RNA.
Overexpression of metK Delays Induction in Vivo. Because the in vitro transcription analyses suggested that SAM promotes transcription termination, we attempted to modulate SAM pools in vivo by overexpression of SAM synthetase. In E. coli, elevation of SAM synthetase activity results in increased SAM levels during growth in the presence of methionine (23 1-10) in the presence or absence of SAM (150 M). The 140-nt RNA was generated by T7 RNAP transcription, heated to 65°C and slow-cooled to 40°C before addition of SAM (lanes 11-18). Oligonucleotides were added at a 100-fold molar excess before digestion with RNase H, which specifically targets RNA-DNA hybrids. Positions of the uncut RNA and RNase H cleavage products are indicated by brackets. Cleavage products that change in response to SAM are marked with asterisks. The higher-molecular-weight band observed with E. coli RNAP in the presence of oligo 2 (F, lanes 3 and 8) is likely to be the result of template switching during transcription, because it was absent when oligo 2 was added to premade RNA (lanes 13 and 17) . The leftmost lane contains 32 P-labeled pBR322 DNA digested with MspI used as a molecular weight standard.
sequence is expressed under the control of the strong P veg promoter, and showed that SAM synthetase activity was elevated 6-fold relative to the wild-type strain during growth in minimal medium in the presence of methionine. In the wild-type strain, expression of a yitJ-lacZ transcriptional fusion was rapidly induced after cells were deprived of methionine, then gradually stabilized to the level normally observed during steady-state growth under these conditions (Fig. 4 and data not shown) . Induction was delayed in strain SA29, containing increased SAM synthetase activity, consistent with the idea that the cells contained elevated SAM pools during growth in methionine and required a longer period of growth without methionine before SAM pools were depleted and induction could be observed. Both strains exhibited strong repression of yitJ expression during growth in methionine, indicating that the wild-type level of SAM synthetase is sufficient for full repression. Similar results were obtained with a ykrW-lacZ fusion (data not shown).
Discussion
Since the demonstration by Yanofsky of attenuation in the E. coli trp operon, many variations on alternate RNA structures as a means of transcriptional control have been described (reviewed in refs. 1 and 2 ). The regulation of T box genes in many organisms by direct binding of tRNA (3, 4) established that effectors can be measured directly by a leader RNA without a protein factor or ribosome. Recent studies demonstrated that RNA structure can be modulated by binding of other small molecules, without a requirement for a regulatory protein (5-7). Our discovery of the S box regulatory system suggested that many methionine-related genes in B. subtilis are coordinately controlled at the level of premature termination of transcription (8) . The current study demonstrates that SAM controls the activity of S box leaderregion terminators in vitro by binding directly to the leader RNA and altering its structure.
Yocum et al. (12) reported that overproduction of SAM synthetase results in methionine auxotrophy in B. subtilis and suggested that SAM could be the molecular effector controlling methionine biosynthesis gene expression. Mutants in which SAM synthetase activity was reduced exhibited both a decrease in SAM pools and an increase in intracellular methionine pools during growth in the absence of methionine (19) , consistent with this idea. SAM is the major effector controlling methionine gene regulation in E. coli, acting at the level of transcription initiation (24) . The results presented here provide strong evidence that SAM is the key effector in B. subtilis but acts at the level of transcription termination rather than transcription initiation. It therefore appears that many organisms see SAM as the crucial end-product of sulfur metabolism, and these organisms regulate methionine biosynthesis pathways by monitoring SAM concentration.
Altered RNA folding patterns have been proposed to control gene expression by sequestration of the translation start site in the mRNA, or by controlling formation of the helical region of an intrinsic terminator. In this study, we demonstrated that SAM does not generally promote transcription termination, because it had no effect on the glyQS terminator, but instead acts specifically on S box leader region terminators. It was especially important to demonstrate altered function for a bacterial RNAP termination site by using bacterial RNAP rather than bacteriophage T7 RNAP, which does not generally recognize termination signals for bacterial RNAPs (25) . We found that both B. subtilis and E. coli RNAP exhibit a similar response in vitro, despite the fact that S box leaders are absent from E. coli. We also demonstrated that SAM could interact with preformed RNAs generated by transcription with bacterial RNAP or T7 RNAP. The utilization of SAM by the S box leader represents an example of direct modulation of RNA structure by an effector molecule. It is interesting to note that several genes controlled by the S box mechanism in Bacillus, Clostridium, and related genera are instead regulated by the T box mechanism in other organisms such as Enterococcus sp., by using tRNA Met charging rather than SAM as the physiological signal (26, 27) . It therefore appears that these mechanisms represent alternative solutions to the same regulatory problem. S box leaders generally exhibit higher primary sequence conservation than T box leaders; this observation is consistent with the utilization of a single effector, SAM, for the S box system, whereas T box leaders must respond individually to the cognate uncharged tRNA and therefore must discriminate against noncognate tRNA species.
The secondary structure model of the leader RNA shown in Fig. 1 was derived from phylogenetic analysis of the initial 18 S box leaders (8) . Identification of 60 additional leaders from multiple genera has further supported this model (unpublished results). Covariation of residues in the helix 2 loop and the unpaired region between helices 3 and 4 was proposed to indicate a possible tertiary interaction between these domains, suggesting that the structure of the conserved region at the junction of helices 1-4 may be even more complex (8) . The arrangement of conserved elements in helix 2 follows the pattern for a kink-turn motif, and this prediction was supported by mutational studies (22) , providing an additional indication that the RNA folds into a complex three-dimensional structure. We have also used nuclease digestion assays to detect a SAMinduced structural rearrangement in this region, consistent with the proposed stabilization of helical domains in the presence of SAM (data not shown). Because mutations disrupting these conserved elements result in loss of repression during growth in methionine, loss of SAM binding to the leader RNA, and loss of SAM-directed transcription termination in vitro, these conserved elements are important for interaction of the leader RNA with SAM.
Selection for SAM-binding RNAs in vitro yielded RNAs that recognize the adenosine moiety, and not the entire molecule (28) . Aptamers selected for binding to SAH and counterselected with SAM recognized both the adenosine and the sulfur͞ thioether moiety; these RNAs exhibited Ϸ2.5-fold preference for SAH over SAM or adenosine (29) . The in vitro selections are Fig. 4 . Expression of a yitJ-lacZ transcriptional fusion. Fusions were introduced into strains 168 (wild type; squares) and SA29 (metK overexpression strain; circles). Cells were grown in defined medium containing methionine, collected by centrifugation, and resuspended in the same medium (filled symbols) or in medium without methionine (open symbols). Samples were taken at 1-h intervals and assayed for ␤-galactosidase activity, expressed in Miller units. limited in the number of nucleotides that can be randomized to generate a suitably diverse pool of RNAs. Biological RNAs, like the S box leaders, face no such limitations. The more complex S box leader RNAs are highly specific to SAM, because only SAM could promote transcription termination, and related compounds were also unable to act as competitive inhibitors of SAM-directed termination. The weak inhibition by sinefungin, a potent inhibitor of methyltransferases, suggests that the S box leader RNAs are more selective than certain SAM-binding proteins. The ability of the S box leaders to effectively discriminate against related metabolites is essential for an appropriate regulatory response in vivo. Uncovering the determinants for the specific recognition of SAM by the RNA will be a key step in understanding the molecular basis for this regulatory mechanism.
Our previous genetic studies indicated that the default state of the S box leaders is antitermination and that termination requires some regulatory element to prevent formation of the antiterminator structure. The results reported here demonstrate that SAM interacts directly with the leader RNA, in the absence of any regulatory protein, and blocks antiterminator formation by stabilization of the anti-antiterminator helix. The termination͞read-through decision must be made before the elongating RNAP leaves the leader region termination site. It is therefore likely that the rate of transcription through the leader is a key parameter of this regulatory system, and pausing at discrete sites during transcription in vivo may be required to allow an opportunity for SAM to bind and the appropriate structure to be established in the nascent transcript. The in vitro transcription experiments described herein used low NTP concentrations to artificially slow the rate of transcription, whereas experiments by using T7 RNAP-generated RNA were designed to permit refolding of the RNA in the presence of SAM. Other cellular factors may play a role in controlling the rate of transcription in vivo. It is also possible that although the leader RNA is capable of a productive interaction with SAM under the conditions tested, there may be additional factors that modulate this interaction or control leader RNA folding in vivo.
